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The endoplasmic reticulum (ER)-resident protein kinase PERK is a major component of the unfolded protein response 
(UPR), which promotes the adaptation of cells to various forms of stress. PERK phosphorylates the a subunit of the transla- 
tion initiation factor elF2 at serine 51, a modification that plays a key role in the regulation of mRNA translation in stressed 
cells. Several studies have demonstrated that the PERK-elF2a phosphorylation pathway maintains insulin biosynthesis 
and glucose homeostasis, facilitates tumor formation and decreases the efficacy of tumor treatment with chemother- 
apeutic drugs. Recently, a selective catalytic PERK inhibitor termed GSK2656157 has been developed with anti-tumor 
properties in mice. Herein, we provide evidence that inhibition of PERK activity by GSK2656157 does not always correlate 
with inhibition of elF2ct phosphorylation. Also, GSK2656157 does not always mimic the biological effects of the genetic 
inactivation of PERK. Furthermore, cells treated with GSK2656157 increase elF2a phosphorylation as a means to compen- 
sate for the loss of PERK. Using human tumor cells impaired in elF2ct phosphorylation, we demonstrate that GSK2656157 
induces ER stress-mediated death suggesting that the drug acts independent of the inhibition of elF2a phosphorylation. 
We conclude that GSK2656157 might be a useful compound to dissect pathways that compensate for the loss of PERK 
and/or identify PERK pathways that are independent of elF2a phosphorylation. 



Introduction 

The endoplasmic reticulum (ER) is pivotal for the biosyn- 
thesis of secretory proteins and control of the capacity of the 
endocytotic system through a variety of post-translational modi- 
fications and chaperone events. 1 Any imbalance between the 
load of proteins entering the ER and ER's ability to process them 
activates an adaptive response that allows cells to respond to a 
variety of environmental or metabolic conditions. 2 This response 
involves the coordinated expression of chaperones, enzymes, 
and other ER components, and is known as the unfolded pro- 
tein response (UPR). The ultimate goal of UPR is to help cells 
survive the stress; however, under conditions of severe stress, 
UPR can become pro-apoptotic. 1 UPR is initiated by the activa- 
tion of 3 major pathways mediated by the ER-resident proteins 
inositol-requiring kinase 1 (IRE-1), activating transcription fac- 
tor 6 (ATF6), and the ER-resident kinase PERK/PEK. 2 Increased 



UPR leads to expression of chaperones known as glucose-regula- 
tory proteins (Grps), whose primary role is to adapt cells to ER 
stress. 1 Several studies have indicated that UPR induction plays 
a crucial role in tumor growth. 1,3 Also, UPR alters the sensitivity 
of tumors to chemotherapeutic drugs, making them resistant to 
certain drugs and sensitive to others, underscoring its importance 
in tumor treatment. 3 

Activated PERK phosphorylates the a subunit of the transla- 
tion initiation factor eIF2 at serine 51, which leads to the global 
inhibition of protein synthesis as a means to decrease the accu- 
mulation of misfolded proteins in the ER. 4 PERK is an important 
determinant of cell fate in UPR, because its short-term induction 
promotes cell survival through the induction of eIF2a phosphor- 
ylation, whereas its prolonged activation causes cell death. 5,6 The 
biological effects of phosphorylated eIF2a are mediated, at least 
in part, through the preferential translation of specific mRNAs 
despite the general inhibition of protein synthesis. 7 Such mRNAs 
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encode proteins, like, for example, the activating transcription 
factor 4 (ATF4), that facilitate the adaptation and promote the 
survival of stressed cells. 8 Aberrant regulation of the PERK- 
eIF2ct phosphorylation arm has been observed in several human 
diseases including diabetes, obesity, and cancer.' That is, muta- 
tions of Perk gene were found in Wolcott— Rallison syndrome 
(WRS), a rare autosomal-recessive disorder characterized by per- 
manent neonatal or early-infancy insulin-dependent diabetes. 10 
Activation of the PERK-eIF2a phosphorylation arm in UPR is 
mainly cytoprotective and helps cells to cope with oncogenic stress 
or stress in the tumor microenvironment. 5,11 " 13 Furthermore, the 
PERK-eIF2a phosphorylation pathway is induced in tumor cells 
treated with chemotherapeutic drugs, leading to the development 
of drug resistance. 13 " 15 The implications of PERK in tumorigen- 
esis have raised the interesting hypothesis that its targeting may 
offer a novel therapeutic approach for cancers with increased 
UPR, including cancers of secretory nature or cancers with 
increased hypoxia. 16 This has recently led to the development of 
novel PERK inhibitors by GlaxoSmithKline, which prevent the 
autophosphorylation of the kinase and eIF2a phosphorylation in 
mouse and human cells exposed to stress. 16 " 18 Moreover, it was 
shown that a PERK inhibitor, termed GSK2656157, significantly 
decreased the growth of human tumor xenografts in mice. 16 
Equally important, GSK2606414, which is structurally similar to 
GSK2656157, has been recently shown to prevent neurodegener- 
ation and clinical disease of prion-infected mice." These findings 
indicated the potential use of PERK inhibitors for the treatment 
of certain types of human diseases associated with deregulated 



UPR. Herein, we provide evidence that inhibition of PERK by 
GSK2656157 does not recapitulate the effects of genetic inactiva- 
tion of PERK on eIF2a phosphorylation in stressed cells. Using 
human tumor cells impaired in eIF2a phosphorylation, we dem- 
onstrate that GSK2656157 promotes cell death in response to 
ER stress independent of inhibition of eIF2a phosphorylation. 
Our data raise the possibility that the PERK inhibitors induce 
non-specific pathways, some of which interfere with the activ- 
ity of other eIF2a kinases. The PERK inhibitors may be use- 
ful reagents to identify pathways that control stress responses of 
PERK that proceed independent of eIF2a phosphorylation. 

Results and Discussion 

To examine GSK2656157 action, we employed a system 
which allows the conditional induction of eIF2a phosphoryla- 
tion and relies on the expression of chimera proteins consisting 
of the N-terminal domain of the E.coli gyrase B (GyrB) fused to 
the kinase domain (KD) of either PKR or PERK (Fig. 1A). 20 21 
The GyrB.PERK and GyrB.PKR cDNAs were used to establish 
human fibrosarcoma HT1080 cells stably expressing each chi- 
mera protein separately. Treatment of cells with the antibiotic 
coumermycin resulted in the activation of GyrB.PERK by auto- 
phosphorylation, as became evident by the shift in the electro- 
phoretic migration of the chimera protein in polyacrylamide gels 
(Fig. IB, lane 2). Coumermycin treatment also led to the induc- 
tion of eIF2a phosphorylation at serine 51, which was detected 
by immunoblotting with phosphospecific antibodies (Fig. IB, 
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Figure 1. Analysis of the effects of GSK2656157 on cells with conditionally active PERK or PKR. (A) Schematic representation of the GyrB system. The 
regulatory domain (RD) of either PKR (i.e., dsRNA-binding domain) or PERK (i.e., lumenal domain) was replaced by the GyrB domain, which was fused to 
the kinase domain (KD) of each elF2a kinase. Coumermycin mediates the dimerization of the chimera kinase leading to its activation and induction of 
elF2a phosphorylation. (B and C) GyrB.PERK cells were left untreated (B, lane 1) or treated with 100 ng/ml coumermycin for 6 h in the absence (B, lane 2; 
C, lane 1) or presence of the indicated concentrations of the PERK inhibitor (PERKi) (C, lanes 2-6). (D) GyrB.PKR cells were left untreated (lane 1) or treated 
with 100 ng/ml coumermycin for 6 h in the absence (lanes 2 and 3) or presence of the indicated concentrations of PERKi (lanes 4-8). (B-D) Cells extracts 
(50 |xg of protein) were subjected to immunoblot analyses for the indicated proteins. 
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lane 2). When GyrB.PERK-expressing cells were treated with 
increasing concentrations of GSK2656157 in the presence of cou- 
mermycin, we observed that the PERK inhibitor decreased eIF2a 
phosphorylation in a concentration-dependent manner (Fig. 1C). 
When GyrB.PKR cells were used, we found that treatment with 
GSK2656157 did not have a similar robust effect on the inhibi- 
tion of eIF2ot phosphorylation, as in GyrB.PERK-expressing cells 
(Fig. ID). These data indicated that GSK2656157 is a potent and 
rather specific PERK inhibitor in cells ectopically expressing a 
conditionally active form of the eIF2a kinase. 

To determine the effect of GSK2656157 on endogenous 
PERK, HT1080 cells were treated with increasing concentra- 
tions of the drug followed by short-term treatment with the ER 
stress inducer thapsigargin (TG). We observed that induction 
of eIF2a phosphorylation by TG treatment was impaired by 
GSK2656157 in all concentrations tested (Fig. 2A). However, 
when HT1080 cells were treated with increasing concentra- 
tions of the PERK inhibitor for prolonged time in the absence 
of stress, we noticed a reduction of eIF2ot phosphorylation at 
the 0.1 |xM of the drug, which was not further reduced with 
increasing concentrations of the inhibitor (Fig. 2B). This find- 
ing indicated that either 0.1 jjlM of GSK2656157 was sufficient 
to block PERK activity, or PERK inactivation by the increased 
concentrations of the drug was compensated for by the activation 
of other eIF2a kinases. 

To distinguish between the 2 possibilities, we examined 
the properties of GSK2656157 in immortalized PERK*' + and 
PERK"'" MEFs. First, we confirmed the suitability of the cells by 
detecting the loss of PERK and impaired eIF2a phosphorylation 
in PERK"'" MEFs in response to TG treatment (Fig. 3A). Then, 
we used PERK +,+ and PERK"'" MEFs for treatment with increas- 
ing concentrations of GSK2656157 followed TG treatment. We 
observed that the drug decreased PERK autophosphorylation at 
threonine (T)980 as became evident by immunoblotting with 
phosphospecific antibodies (Fig. 3B). We also noticed that inhi- 
bition of PERK T980 autophosphorylation was proportional 
to the concentration of the drug but was not associated with 
a linear decrease of eIF2a phosphorylation. This was because 
eIF2a phosphorylation was increased at 1 (jlM of the drug, a 
concentration that substantially suppressed PERK autophos- 
phorylation (Fig. 3B, lanes 2—5). Moreover, we found that eIF2a 
phosphorylation was enhanced in PERK"'" MEFs incubated with 
increasing concentrations of the drug, up to 1 |xM, above which 
eIF2a phosphorylation declined (Fig. 3B, lanes 9-14). We also 
tested the effects of GSK2656157 on PERK-mediated cell death 
in response to prolonged ER stress with TG treatment. We 
observed that the drug decreased the death of PERK +/+ MEFs 
at 1 |JtM to very similar levels of death seen with PERK"'" MEFs 
(Fig. 3C). Interestingly, increasing concentrations of the drug 
induced death in PERK"'" MEFs, indicating that these effects 
were exerted independent of PERK. Collectively, these data sup- 
ported the notion that GSK2656157 causes the activation of 
another eIF2a kinase to compensate for the loss of PERK activ- 
ity in cells. Also, the data suggested that GSK2656157 promotes 
death independent of PERK inhibition, particularly when it is 
used at increased concentrations. 



We also examined the biological effects of GSK2656157 on 
human tumor cells exposed to ER stress. Thus, we established 
HT1080 cells expressing an HA-tagged form of the non-phos- 
phorylatable eIF2aS51A, under conditions of which expression 
of endogenous eIF2a was abolished by shRNA (herein referred 
to as knock-in [KI] cells). We observed that KI cells were defec- 
tive in eIF2a phosphorylation as opposed to wild-type (WT) 
control cells in which eIF2ct phosphorylation was substantially 
induced by TG treatment (Fig. 4A). We also observed that the 
loss of eIF2a phosphorylation rendered KI cells highly sus- 
ceptible to death compared with WT cells in response to TG 
treatment (Fig. 4B). This finding is in line with previous data 
showing that mouse cells containing the S51A mutation in both 
eIF2a alleles were highly susceptible to ER stress-induced death 
compared with cells with intact eIF2a alleles. 22 Considering 
that induction of eIF2a phosphorylation by PERK is a pro- 
survival event in response to ER stress, 23 we wished to know 
whether treatment of tumor cells with GSK2656157 could fur- 
ther increase death by blocking the pro-survival function of 
the PERK-eIF2a phosphorylation arm in WT, but not in KI, 
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Figure 2. Control of elF2ct phosphorylation by GSK2656157 in HT1080 
cells. (A) Parental HT1080 cells were treated with the indicated concen- 
trations of PERKi in the absence (-) or presence (+) of 1 p,M thapsigargin 
(TG). As control untreated cells (lanes 1, 9, and 13) or cells treated 1 jjlM 
TG in the absence of PERKi (lanes 2, 10, and 14) were used. (B) Parental 
HT1080 cells were left untreated (lane 1) or treated with the indicated 
concentrations of the PERKi for 24 h (lanes 3-7). As control for elF2a phos- 
phorylation, cells were treated with 1 ^jlM TG for 2 h (lane 2). (A and B) 
Cells extracts (50 fjug of protein) were subjected to immunoblot analyses 
for the indicated proteins. 
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Figure 3. Characterization of the biochemical properties of GSK2656157 in 
PERK +/+ and PERK '- MEFs. (A) Immortalized PERK +/+ and PERK '- MEFs were left 
untreated (lanes 1 and 3) or treated with 1 \xM of TG for 2 h (lanes 2 and 4). 
(B) PERK +/+ and PERK "'" MEFs were left untreated (lanes 1 and 8) or treated with 
1 (jlM of TG in the absence (lanes 2 and 9) or presence of the indicated concen- 
trations of PERKi for 2 h (lanes 3-7 and 10-14). (A and B) Protein extracts (50 |xg) 
were subjected to immunoblot analyses for the indicated proteins. (C) PERK +/+ 
and PERK - ' - MEFs untreated (control) or treated with 1 ^M TG in the absence 
or presence of the indicated concentrations of PERKi for 24 h. As control, cells 
treated with the indicated concentrations of PERKi in the absence of TG for 
24 h. Cell death was measured by the percentage of cells in sub-G 1 population 
by FACS analysis. Histograms represent the quantification of 3 independent 
experiments. 



cells. When HT1080 cells were treated with GSK2656157 
at concentrations previously shown to inhibit tumor 
growth, 16 we found that the PERK inhibitor similarly 
enhanced the amount of death in both WT and KI cells 
in response to TG treatment (Fig. 4C). This data indi- 
cated that GSK2656157 promotes cell death independent 
of inhibition of eIF2a phosphorylation. 

Our data are in agreement with previous studies show- 
ing that the PERK inhibitors impair eIF2a phosphoryla- 
tion in cells exposed to short-term ER stress. 16,18 Because 
the biological effects of the drugs require prolonged treat- 
ments, our data are consistent with the interpretation that 
the anti-tumor as well as anti-neurodegenerative function 
of the PERK inhibitors may not be caused through the 
inhibition of eIF2ct phosphorylation. 16,19 Interestingly, 
several studies have provided evidence that PERK can 
act independent of eIF2ct phosphorylation. That is, our 
group demonstrated that PERK promotes the adapta- 
tion of cells to ER stress through its ability to disarm 
the pro-apoptotic function of the tumor suppressor p53. 
PERK does so via the activation of glycogen synthase 
kinase 3(3 (GSK-3B), which leads to phosphorylation and 
Mdm2-dependent degradation of p53. 24-27 Also, other 
studies provided evidence that the antioxidant functions 
of PERK may also be mediated independent of eIF2a 
phosphorylation through the activation of the transcrip- 
tion factor Nrf2. 28 How the ATP-competitive inhibitors 
selectively inhibit some but not all of PERK functions is 
not known, but this effect could be related to the ability 
of the drugs to trap the kinase in an inactive confor- 
mation rather than inhibiting its phosphotransfer activ- 
ity. 17 Also, the drugs inhibit the activity of several other 
kinases at high concentrations, 17 a property that could 
contribute to the induction of PERK-independent effects 
in response to ER stress. Furthermore, PERK may not be 
the dominant kinase that phosphorylates eIF2oi in dif- 
ferent tumor types, and as such, pharmacological inhibi- 
tion of the kinase may not be sufficient to impair eIF2oi 
phosphorylation because of compensation by other eIF2oi 
kinases. 13 In regard to anti-tumor therapies, our data 
imply that strategies aimed at the inhibition of PERK and 
other eIF2a kinases like GCN2, which also displays pro- 
survival functions, 2 ' might be a better approach to dis- 
arm the pro-survival effects of phosphorylated eIF2ct as a 
means to treat cancer. 

Materials and Methods 

Cell culture and treatments 

The origin of immortalized PERK*'* and PERK"'" 
MEFs was previously described. 23 MEFs were maintained 
in Dulbecco modified Eagle medium (DMEM; Wisent) 
supplemented with 10% fetal bovine serum (FBS; Gibco), 
lx of essential and non-essential amino acids (Gibco), and 
antibiotics (100 U/ml of penicillin-streptomycin; Gibco). 
HT1080 cells were cultured in DMEM supplemented with 
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10% FBS and antibiotics. GSK2656157 was 
purchased from Vibrant Pharma (Cat No 
VPI-COA-610) and stored in dimethyl sulf- 
oxide (DMSO) at 10 mM. 

Generation of HT1080 GyrB.PERK and 
KI cells 

The GyrB.PERK cDNA was constructed 
by replacing the kinase domain (KD) 
sequence of PKR in pSG5-GyrB.PKR vec- 
tor 20 with the KD sequence of PERK. 30 
Cells were transfected with pSG5-GyrB. 
PERK and pcDNA3.1/Zeo vectors and 
selected in 200 (xg/ml of zeocin (Invitrogen) 
as described. 20 The generation of HT1080 
KI cells was described elsewhere. 31 

Flow cytometry analysis 

Cells were subjected to propidium iodide 
(PI) staining and FACScan analysis based 
on a previously described protocol. 32 FACS 
was performed with BD FACScalibur and 
the data was analyzed using the Flowjo soft- 
ware (Tree Star Inc) . 

Western blot analysis 

Protein extraction and immunoblot- 
ting were performed as described. 32 The 
antibodies used were: rabbit monoclo- 
nal against phosphorylated eIF2a at S51 
(Novus Biologicals), mouse monoclonal 
anti-eIF2a, and rabbit polyclonal anti- 
PERK T980 antibodies (Cell Signaling 
Technology), mouse monoclonal antibody 
to PERK, 14 mouse monoclonal antibody 
against actin (Clone C4, ICN Biomedicals 
Inc). All antibodies were used at a final 
concentration of 0.1—1 ixg/ml. Following 
incubation with the indicated primary 
antibodies, membranes were probed with 
anti-mouse or anti-rabbit IgG antibodies 
conjugated to horseradish peroxidise (HRP) 
(Mandel Scientific). Proteins were visual- 
ized with the enhanced chemiluminescence 
(ECL) reagent (Thermo Scientific) detec- 
tion system according to the manufactur- 
er's instructions. Quantification of protein 
bands was performed by densitometry using 
Scion Image from the NIH. 

Statistical analysis 

Error bars represent standard error as 
indicated and significance in differences between arrays of data 
tested was determined using 2-tailed Student t test (Microsoft 
Excel) . 
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Figure 4. Characterization of the biological properties of GSK2656157 in tumor cells exposed 
to ER stress. (A) Cell extracts (50 (jig of protein) from wild-type (WT) and knock-in (KI) HT1080 
cells untreated or treated with 1 (jlM thapsigargin (TG) for 2 h were subjected to western blot 
analysis for the indicated proteins. Note the delayed migration of the HA-elF2aS51A in knock-in 
(KI) cells (lanes 3 and 4) compared with endogenous elF2a in wild-type (WT) cells (lanes 1 and 2). 
(B) HT1080 WTand KI cells were treated with 1 |j,M TG for either 24 h. (C) Cells were treated with 
1 (jlM TG either in the absence or presence of the indicated concentrations of PERKi for 18 h. As 
control, cells were treated with the same concentrations of PERKi in the absence of TG for 18 h. 
(Band C) Cell death was assessed by the percentage of cells in sub-G, population by FACS analy- 
sis. Histograms represent the quantification of 3 independent experiments. 
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